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We show that the probabihty of the coUision-induced absorption of non-resonant microwave pho- 
tons by a gas of ultracold molecules is dramatically enhanced near a Feshbach scattering resonance. 
This can be used for detecting Feshbach resonances of ultracold molecules by measuring the mi- 
crowave field absorption and for tuning the elastic scattering cross sections of ultracold molecules by 
varying the frequency and intensity of the microwave field in a wide range of the field parameters. 



The creation of ultracold atoms and molecules is pro- 
jected to have an enormous impact on several different 
areas of physics research IT], mainly because ultracold 
systems can be used for quantum simulation of complex 
phenomena in condensed-matter physics, precision mea- 
surements of extremely weak interactions and quantum 
computing. These applications require the ability to con- 
trol ultracold gases externally. Ultracold atomic gases are 
usually controlled by varying an external magnetic field 
near a Feshbach scattering resonance Magnetic 
Feshbach resonances indeed play a central role in the 
experimental research of ultracold atomic gases. They 
provide a mechanism to tune the scattering length of ul- 
tracold atoms. The sign and magnitude of the scatter- 
ing length determines the dynamical properties of ultra- 
cold gases [2H1]- Using magnetic fields for tuning ultra- 
cold gases, however, has two limitations: it is difficult 
to tune dc magnetic fields fast; and magnetic Feshbach 
resonances are usually very narrow, i.e. the scattering 
length of ultracold atoms can be tuned in a narrow range 
of magnetic fields. As a result, magnetic Feshbach reso- 
nances are often difficult to detect and the applications 
of magnetic field control of ultracold gases are limited to 
dynamical processes with the time scale of > 0.1 ms 0. 

Many experiments have recently focused on the pro- 
duction of ultracold molecules in the ground internal 
energy state, successfully achieved by several research 
groups [6]. Like ultracold atoms, ultracold molecules 
with non-zero magnetic moments can be controlled by 
means of magnetic Feshbach resonances [7]. However, 
the ro-vibrational structure of molecules allows for new 
possibilities of controlling molecular gases. In the present 
work, we show that magnetic Feshbach resonances of ul- 
tracold molecules can be modified by non-resonant mi- 
crowave fields, leading to two important results: (i) the 
probability of collision-induced absorption of microwave 
photons is dramatically enhanced near a Feshbach reso- 
nance, which suggests a new method for detecting Fes- 
hbach resonances in collisions of molecules; and (ii) the 
scattering length of ultracold molecules can be tuned by 
varying the frequency and intensity of microwave field, 
i.e. the scattering properties of ultracold molecules can 
be tuned in a wide range of microwave field intensities 
and frequencies. 

We consider an ensemble of polar diatomic molecules 



prepared in the absolute ground state and irradiated with 
microwave field far detuned from molecular resonance. In 
the absence of intermolecular interactions, the probabil- 
ity of microwave field absorption is very small. In the 
absence of microwave fields, molecules can undergo only 
elastic scattering. If molecules collide in the presence 
of non-resonant microwave field, the intermolecular in- 
teraction potential brings the rotational energy splitting 
of molecules in resonance with the microwave frequency. 
This leads to collision-induced absorption of microwave 
photons leading to the formation of a collision complex, 
in which one or both molecules are in a rotationally ex- 
cited state. The molecules then undergo rotational re- 
laxation, releasing energy, and the collision complex de- 
cays. This process is driven by the anisotropy of the 
intermolecular interaction potential [8]. The interaction 
with microwave fields thus induces inelastic decay chan- 
nels, which suppress elastic scattering near Feshbach res- 
onances |9j . We emphasize that this process is completely 
general and relies on two ingredients: (i) the presence 
of interparticle interactions that modifies the rotational 
energy splitting of the molecules; (ii) the anisotropy of 
the interparticle interactions that induces the rotational 
transitions in molecules leading to the break-up of the 
collision complex after the absorption of the photons. 
The strength of the microwave field can always be ad- 
justed to compensate for the effect of the interaction 
anisotropy. To prove this, we consider two very different 
systems: NII('^S) molecules interacting with He atoms 
near a Feshbach resonance induced by a magnetic field 
and a pure gas of NH molecules near a Feshbach reso- 
nance induced by a dc electric field. The NH - He in- 
teractions are very weak. The NH - NH interactions are 
very strong. 

First, we focus on low-energy collisions (E'kin = 1 /^K) 
of NH molecules prepared in the rotationally ground state 
iV = and the lowest-energy Zeeman level Ms = — 1 
with ■^He atoms near a Feshbach resonance at ~7150 G 
identified by Gonzales-Martfnez and Hutson [TUj. The 
collision problem of molecules in the presence of a mi- 
crowave field is best described using the field-dressed- 
state formalism described in detail in Ref. [TT]. The 
molecular system is assumed to be placed in a single- 
mode microwave cavity with parameters chosen to model 
a free-space maser beam [TT]. The Hamiltonian for the 
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Fig. 1: Cross sections for elastic collisions (panel a) and 
collisions accompanied by absorption of microwave photons 
(panel b) in NH - He scattering as functions of the mag- 
netic field: broken line - no microwave field; solid lines - 
in the presence of a microwave field with f2 — 0.02Bc and 
fud = 0.7Bc, where = 16.343 cm"'^ is the rotational con- 
stants of NH. The line in panel (b) represents a sum of the 
transitions to all field-dressed states and the symbols repre- 
sent the cross sections for the dominant single-photon transi- 
tion \N = 0, Ms = -l,iV) -^\N ^ 0,Ms = l,iV- 1). 



molecule in the presence of a dc magnetic and a single- 
mode microwave field is 



mol 



Hz + Hf + i?m,f , 



(1) 



where Hz — ^fisB ■ S describes the interaction of the 
total electron spin S of the molecule with the dc mag- 
netic field B and /is is the Bohr magneton. The mi- 
crowave field is described by Hf = hijj{da) — N), where 

and d are the photon creation and annihilation oper- 
ators and is a mean number of photons in the cavity 
[TT| [12]. The interaction of the linearly polarized mi- 
crowave field of amplitude E with the molecular dipole 
moment d is given by i?m,f = ~ (d -|- d^ ) cos (j), where 
(j) is the angle between the direction of the dipole mo- 
ment and the polarization vector of the electric field and 

= Ed describes the strength of the coupling of the 
molecule with the microwave field |TT]. We assume that 
both the dc magnetic and microwave fields are directed 
along the quantization axis z. The molecular Hamilto- 
nian iJmoi describes the rotational and fine structure of 
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Fig. 2: Cross sections for elastic collisions in NH - He scatter- 
ing as functions of the magnetic field (panel a) and as func- 
tions of the microwave field strength (panel b) for different pa- 
rameters of the microwave field. The magnetic field in panel 
(b) is B = 7153.19 G. 



the molecule [TOl [13] . We represent the total wave func- 
tion of the system as a close coupling expansion in terms 
of the products of the eignefunctions of Hamiltonian ([T]) 
and the rotational wave functions of the collision complex 
(partial waves). The substitution of this expansion in the 
Schrodinger equation leads to a system of coupled differ- 
ential equations, which we solve numerically to obtain 
the probability of elastic scattering as well as collisions 
accompanied by absorption of photons and rotational re- 
laxation [51, ri^. Four rotational levels of the molecule, 
four photon number states and five partial waves were 
included in the basis set expansion, which leads to a sys- 
tem of 2880 equations for the total angular momentum 
projection equal to zero. We used the potential energy 
surface for the He - NH collision complex calculated in 
Ref. [13]. 

The eigenstates of Hamiltonian ([!]) are the field-dressed 
states of the molecule, i.e. they represent the combined 
molecule - field system. The solution of the coupled dif- 
ferential equations yields the scattering S'-matrix that 
describes the probability amplitudes for transitions be- 
tween the field-dressed states [H [TTl [12] . When the col- 
lision energy is smaller than the separation between the 
field-dressed states, only two types of collision processes 
can occur: elastic collisions and collisions accompanied 
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Fig. 3: Cross sections for elastic collisions (panel a) and colli- 
sions accompanied by absorption of microwave photons (panel 
b) in NH - He scattering as functions of the microwave field 
frequency. The magnetic field is B = 7153.19 G. 



by absorption of microwave photons. When molecules 
undergo elastic scattering they remain in the same field- 
dressed state. Inelastic relaxation brings the molecules 
from an initial field-dressed state to a field-dressed state 
of lower energy. Because all molecules are initially pre- 
pared in the rotationally ground state, the lower energy 
field-dressed states correspond to a lower mean number 
(iV) of photons in the cavity. Transitions to the lower 
energy field-dressed states must therefore be necessarily 
accompanied by absorption of photons. 

Figure 1 shows the magnetic field dependence of the 
cross sections for NH - He collisions near the Feshbach 
resonance. The line in panel (b) is a sum of the cross 
sections for transitions to all field-dressed states except 
the initial state. The analysis of the state-resolved tran- 
sitions shows that the cross section shown in panel (b) 
of Fig. 1 is dominated by a single transition — |-0f), 
where = a\N = 0, Ms_ = -1,7V) ^h\...N..) and 
|^/,f) = a\N = 0,Ms ^ +1,N - 1) +b\...N- 1...). The 
ket |...iV...) denotes collectively the states mixed in the 
ground rotational state of the molecule due to molecule 
- field and fine-structure interactions. For weak, non- 
resonant microwave fields considered here, a is very close 
to 1. The cross section in panel (b) of Fig. 1 thus repre- 
sents the probability of a process, in which the collision 
complex absorbs a photon, the molecule undergoes the 
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Fig. 4: Cross sections for elastic collisions (solid lines) and 
collisions accompanied by absorption of microwave photons 
(dashed lines) in NH - NH scattering as functions of the elec- 
tric field at a collision energy of 1 fiK computed at hu) = 1.9Be 
Q = 0.04Be (curve labeled a), fkv = 1.9Be = 0.02Be (curve 
labeled b), huj = O.TBc O. = 0.04Bo (curve labeled c), and 
zero microwave field (curve labeled d). 



spin fiip and the rotational relaxation and the collision 
complex releases energy by decaying into the collision 
products. 

Figure 1 demonstrates two important observations: 
(i) the position of the resonance in the presence of a 
microwave field is shifted; and (ii) the probability of 
collision-induced absorption of microwave photons (panel 
b) is dramatically enhanced near the Feshbach resonance. 
As predicted by Hutson 0, the presence of strong in- 
elastic transitions must suppress elastic scattering near 
a Feshbach resonance. This is indeed what we observe 
for collisions in microwave fields of higher intensity and 
lower detuning. The upper panel of Figure 2 shows that 
resonant enhancement of the elastic scattering cross sec- 
tion is suppressed, as the strength of the microwave field 
increases. 

In order to elucidate the mechanism of microwave field 
modification of the magnetic Feshbach resonances, we use 
a model of the resonance in the presence of several decay 
channels [TD]. The magnetic field dependence of the S- 
matrix elements is given by the following expression: 



Sii'{B) — Shg 



B-{Bo + A)+irB/2' 



(2) 



where Stg^n' is a slowly varying background scattering 
matrix element, Bq is the resonance position in the ab- 
sence of the microwave field, A is the shift of the posi- 
tion of the resonant level caused by the interaction with 
a microwave field, the energy dependent width of the res- 
onance Tb is given by the sum over the partial widths 
Fsi in accessible decay channels i: Tb = J2i^Bi, and 
gBi is a complex function so that TBi = IffsiP- In 
the absence of the microwave field, the energy depen- 
dent width of the resonance is given by the single term 
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Tb = Tbo = 2fco7_BOj where fco is incoming wave vec- 
tor and 7bo is energy-independent reduced width, which 
determines the variation of the scattering length as a 
function of the magnetic field. In the presence of a mi- 
crowave field, Tb includes contributions from decay chan- 
nels r"^"^' = "^iyo^Bi, which increase with increasing 
field strength. 

The shift of the Feshbach resonances can be exploited 
for tuning the scattering properties of ultracold molecules 
with microwave fields. Figures 2 and 3 show the scatter- 
ing cross sections near the Feshbach resonance as func- 
tions of the microwave field strength and frequency. The 
Feshbach resonance depicted in Figure 1 is very narrow, 
leading to the variation of the scattering cross section in 
a very small interval of magnetic fields ~ 0.05 G. While 
not impossible, it is technologically challenging to tune 
the dc magnetic field with such a high resolution. Fig- 
ures 2 and 3 show that the same resonance gives rise to 
the variation of the scattering cross sections over wide 
ranges of the microwave field strength and frequencies. 

In order to demonstrate that the results presented in 
Figures 1-3 are general, we consider a different system: 
NH - NH collisions near a Feshbach resonance induced 
by a dc electric field. For this calculation, we ignore the 
fine structure of the molecule, modify Hamiltonian ([T]) 
to include the interaction of molecules with a dc elec- 
tric field, assume that the interacting molecules are dis- 
tinguishable, use the basis of three rotational states for 
each molecule, two photon number states and four par- 
tial wave states and exploit the potential energy surface 
for the NH - NH complex in the quintet state calculated 
in Ref. [H]. This calculation is not converged with re- 
spect to the basis set size and should be considered as 
a model used for illustrative purposes only. Figure 4 
demonstrates that an electric-field-induced Feshbach res- 
onance exhibits in the presence of a microwave field qual- 
itatively the same suppression and shifts as the magnetic 
resonance examined in Figures 1-3. The absorption 
of microwave field at similar field parameters is much 
greater in NH - NH collisions than in NH - He collisions 
due to a much larger anisotropy of the NH - NH inter- 
molecular potential. 

In conclusion, we have demonstrated that the in- 
teraction of ultracold molecules with far-detuned, non- 



resonant microwave radiation is dramatically modified 
when molecules undergo resonant scattering. In par- 
ticular, we showed that the probability of the collision- 
induced microwave field absorption is greatly enhanced 
in the vicinity of a Feshbach resonance. This suggests 
that measuring the microwave field absorption or loss of 
molecules as a function of microwave field parameters can 
be used as a method of detecting Feshbach resonances in 
an ultracold gas of molecules. Our calculations demon- 
strate that magnetic Feshbach resonances can be shifted 
in the presence of microwave fields by up to a few G. Fesh- 
bach resonances (including extremely narrow resonances) 
can therefore be located by varying the dc magnetic field 
with a step of a few G and scanning the intensity of a 
non-resonant microwave field at a fixed magnetic field. 

The interaction with non-resonant microwave fields in- 
duces inelastic losses of molecules due to collision-induced 
absorption of microwave photons. This leads to suppres- 
sion of Feshbach resonances and allows for tuning Fesh- 
bach resonances by varying both the intensity and fre- 
quency of the microwave field. Laser fields can be tuned 
much faster than dc magnetic fields. For example, the 
collapse of a BEG can be induced in experiments with 
ultracold atoms by varying the magnetic field near a Fes- 
hbach resonance on the time scale of 0.1 ms [5^. The 
variation of the microwave fields depicted in Figures 2 
and 3 can be achieved on the time scale of nanoseconds. 
This can be used for new studies of BEG dynamics with 
instabilities induced on a much shorter time scale or BEG 
dynamics with instabilities oscillating on the time scale 
of intermolecular interactions. Finally, because the ab- 
sorption of microwave field is enhanced near a Feshbach 
resonance, our results suggest that a combination of a 
Feshbach resonance and microwave fields can be used 
for photoassociation of atom - molecule or molecule - 
molecule collision complexes to produce ultracold trimers 
and tetramers. This technique would be analogous to the 
technique of Feshbach-enhanced photoassociation of ul- 
tracold atoms [T5] . 
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